It is difficult for current supercapacitor electrode materials to meet the growing need for energy storage, considering their complicated preparation methods and high costs. Massive preparation strategies are of great importance for preparing low cost materials with good performance for supercapacitor applications. Herein, we developed a novel double crucible method to synthesize nitrogen-doped porous carbon (NPC) from natural flour in the molten salt of LiCl/KCl at 650 C. The NPC material has large specific surface area (585 m 2 g
Introduction
Energy storage devices that possess both high energy and power densities are highly desirable in view of the numerous applications of electronic devices and electric vehicles. Compared to other energy storage devices, such as lithium-ion batteries, supercapacitors can exhibit high power density, rapid charging and discharging rates and superior cycle life. Hence, supercapacitors are emerging as one of the most promising types of energy-storage devices.
1,2 Based on their energy storage mechanisms, supercapacitors can be divided into electrical double layer capacitors (EDLC) and pseudocapacitors. 3, 4 Carbon materials, such as activated carbon, 5, 6 carbon nanotubes, 7 graphene and its derivatives 8, 9 have been extensively used to fabricate supercapacitor electrodes due to their high specic surface area, excellent conductivity and stability. In carbon-based supercapacitors, charge is stored between carbon electrode/ electrolyte interfaces to form the EDLC. However, the relatively low EDLC cannot satisfy the actual application.
10-12
Present studies show that doping the carbon-based materials with certain types of heteroatoms (nitrogen, sulfur and uorine) leads to a reversible faradaic reaction between the heteroatoms and electrolytes, thus endowing additional pseudo-capacitance properties. 13, 14 Among the different functional groups, which have been incorporated, the redox active pyridine and pyrrole N species have been demonstrated to be highly effective in increasing capacitance. [15] [16] [17] Therefore, nitrogen atom doping promises to be an important method to improve the performance of the supercapacitor.
To date, tremendous effort has been made to improve the capacitance of carbon materials by increasing specic surface area and nitrogen content. For example, Ruoff et al. have reported the development of porous graphene with high specic surface area (3100 m 2 g À1 ) via KOH activation, which exhibited excellent performance in supercapacitors. 9 Nitrogen-doped ordered mesoporous carbon (OMFLC-N) with a record specic capacitance of 855 F g À1 has also been reported recently by our team. 1 Despite the signicant progress of various carbon materials for supercapacitors, cost and production are always crucial factors for industrial large-scale production. These factors add to the complex preparation processes and environmental issues. 18, 19 The preparation of carbon materials with high specic surface areas and high active nitrogen contents by massive and low-cost methods remains challenging. Recently, the molten salt method has attracted attention due to its simple one-step preparation process and the variety of salts that can be employed. For example, Alshawabkeh et al. reported the preparation of capacitive carbon from waste biomass using molten K 2 CO 3 -Na 2 CO 3 .
20 Antonietti et al. also obtained porous carbon materials using molten ZnCl 2 and other salt mixtures. 21 In general, molten salts with low melting points can act as activation media for the synthesis of porous carbon materials that are promising for energy storage applications.
Herein, we report a massive and low-cost synthesis of nitrogen-doped porous carbon (NPC) from natural our via a simple double crucible method, which uses molten LiCl/KCl at 650 C. The structure of the two crucibles can effectively reduce nitrogen loss and achieve mass production. 
Experimental

Materials
The our and angel yeast were bought from a supermarket near the Shanghai Institute of Ceramics. LiCl and KCl were purchased from Aladdin Reagent Co. Ltd (Shanghai, China); these salts were combined in a 45/55 mass ratio, and the mixture had a melting point of 352 C. LiNO 3 was purchased from Sigma Reagent Co. Ltd (Shanghai, China). Water used in this experiment was deionized (Millipore Co. Ltd). All chemicals were used as received without any further purication.
Synthesis of nitrogen-doped porous carbon
The our was converted into the form of porous bread in advance of the subsequent carbonization and activation steps. First, 0.4 g angel yeast and 13 ml deionized water were mixed homogeneously. Then, the our paste was obtained by slowly pouring the mixed liquid into 20 g our, followed by kneading by hand. Aer 50 minutes of fermentation at 38 C, the our paste was transferred into an oven at 180 C for 40 minutes and then taken out for natural cooling. Nitrogen-doped porous carbon (NPC) materials were prepared via a double crucible method in a muffle furnace. In a typical process, the porous bread was rst placed in an oven to dry for 12 h at 80 C. Then, 0.5 g of dried bread was ground into powder with metal chloride salts (LiCl/KCl) in the weight ratio of bread/(LiCl + KCl) ¼ 1 : 10. LiNO 3 was also introduced into the molten salt as the activating agent and nitrogen source; the amount was set at 0 g, 0.25 g, and 0.5 g (the corresponding prepared carbon materials were termed as NPC-0, NPC-0.25, and NPC-0.5). For comparison, we also conducted the experiment without any LiCl/KCl molten salt, termed as PC. The homogeneous mixture was put into a ceramic crucible and covered with a ceramic lid. Then, the small crucible was placed inside a larger one, with graphite powder lled in the space between two crucibles to avoid reactions of the materials with air. The double crucible was nally transferred to an oven and heated to the reaction temperature (650 C) at a rate of 5 C min À1 for 2 h. Aer natural cooling to ambient temperature, the as-obtained products were washed with a sufficient amount of hot water to dissolve the salts. The samples were collected via repeated ltration and further dried in a vacuum at 80 C for 24 h.
Characterization
The morphology and microstructure were examined using a eld emission Magellan 400 microscope (FEI Company) and a transmission electron microscope (JEOL 2011, operating at 200 kV). N 2 adsorption/desorption isotherms of obtained materials were measured at 77 K by a Micromeritics Tristar 3000 system. All samples were degassed at 150 C under vacuum for 10 h before the measurements. The specic surface area was calculated by Brunauer-Emmett-Teller (BET) method, and pore volume and pore size distribution plots were analysed from the adsorption branch of the isotherms using the non-linear density functional theory (NLDFT) model. Raman spectra were collected using a Thermal Dispersive Spectrometer using an excitation wavelength of 532 nm with a 10 MW laser. The surface chemical compositions of the samples were analysed using an X-ray photoelectron spectrometer (XPS) (VG Scientic ESCALAB Mark II spectrometer) with Al Ka radiation.
Electrochemical measurements
For three-electrode electrochemical measurements, the working electrode was prepared by mixing the as-prepared NPC with PVDF in NMP to form a slurry. Then, the slurry was coated onto the 3D graphene foam, which, in advance, was adhered to the graphite plate with the binder. The obtained working electrodes were dried at 120 C for 12 h in a vacuum oven. The mass loading of the active material was 1 mg. The electrochemical tests were performed at room temperature using CHI 760 electrochemical workstation with a three-electrode system in 1 M H 2 SO 4 aqueous solution. An Ag/AgCl electrode and Pt wire served as the reference and counter electrodes, respectively. Cyclic voltammetry (CV) and galvanostatic charging-discharging (GCD) were tested over the voltage range À0.2 to 0.8 V.
Electrochemical impedance spectroscopy (EIS) was carried out with an amplitude of 5 mV in the frequency from 0.01 Hz to 100 kHz. Gravimetric specic capacitance (C g ) values of the electrodes were calculated from GCD curves using the following equation,
where C g is the specic capacitance (F g À1 ), I is the constant discharge current (A), dt is the discharge time (s), dV is the potential window (V), and m is the weight of the active material (g) of the working electrode.
Results and discussion
The NPC samples were prepared by a simple double crucible method as illustrated in Fig. 1a . The placement of graphite between the two crucibles effectively protects samples from air and minimizes nitrogen loss. Flour, which is a common raw food material consisting mainly of starch (72-80%) and protein (8-12%), can be used for the economical synthesis of various carbon-based materials. 22 In this study, our was made into porous bread as an intermediate step. Bread has xed porous structure, 23 which is benecial for the subsequent reaction process. A LiCl/KCl mixture was used as the molten salt. LiNO 3 , which can react with carbon atoms at high temperature, was used as an activating agent and nitrogen source to obtain nitrogen-doped porous carbon. Fig. 1b-d show SEM images of the NPC-0, NPC-0.25 and NPC-0.5 samples. Clearly, NPC-0.25 and NPC-0.5 exhibit similar connected irregular particles with diameters less than 500 nm. NPC-0, which was prepared without the addition of LiNO 3 , shows a more compact structure. This demonstrates that LiNO 3 can react with carbon materials and be used as an activating agent. SEM images with higher magnication (Fig. S1a-c †) more clearly show the carbon particles and the pore channels that resulted from the connection of these particles. As seen in Fig. S2 , † the PC sample prepared without LiCl/KCl molten salt exists in the form of large blocks, relative to the NPC samples. Overall, we have shown that the aggregation of small particles can generate abundant pore channels and result in high specic surface area, which may have great signicance for energy storage. The TEM image of NPC-0.5 ( Fig. 2a) similarly shows the aggregation of small, irregular particles which is consistent with the SEM images. The high-resolution TEM micrograph of NPC-0.5 ( Fig. 2b) shows that the sample is partially graphitized. N 2 adsorption-desorption isotherm analysis were performed on the obtained samples to determine their specic surface areas and pore size distributions. Fig. 3a shows isotherms of similar shape, which can be identied as type IV according to the International Union of Pure and Applied Chemistry. 24 The specic surface areas (SSA) obtained using the Brunauer (Table 1 ).
All the curves show sharp increases over low relative pressures, indicating that those materials have abundant micropores. The micropore SSAs of the NPC samples are also shown in Table 1 . Furthermore, a long small hysteresis loop can be seen at intermediate relative pressures in each curve, suggesting that the NPC samples contain some mesopores as well ( Fig. 3a and S3a †). 25 However, the PC sample prepared without any molten LiCl/KCl exhibits a relatively low SSA of 82 m 2 g À1 and low pore volume ( Fig. S3b †) , thus demonstrating the effectiveness of LiCl/KCl as an activation media for pore formation. Pore size distribution (PSD) results for the NPC samples (Fig. 3b) show that the pore diameter is about 0. Fig. 4a shows the Raman spectra of the obtained carbon samples. The characteristic peaks located at approximately 1350 cm À1 and 1580 cm À1 are attributed to the D and G bands of the carbon materials, respectively. The G band represents the degree of graphitization, whereas the D band indicates the levels of disorder and defects in carbon materials. 26 Hence the intensity ratio I G /I D is directly proportional to the degree of the graphitization and inversely proportional to disorder. As can be seen in Fig. 4a , the I G /I D ratios of NPC-0, NPC-0.25 and NPC-0.5 are 1.31, 0.95 and 0.91, respectively. This trend may be a result of increasing activation via reaction of LiNO 3 and carbon atoms, which creates more defects in the carbon materials.
XPS was used to determine the surface elemental compositions of these carbon-based materials. All the samples show similar C, N and O peaks (Fig. 4b) . The peak intensities, presented in Table 1 , can be used to estimate relative content of the three elements. It is notable that NPC-0, which was synthesized without LiNO 3 , still has a nitrogen content of 1.85%, which is probably due to protein in the our we used. More importantly, the sample with the most LiNO 3 added, NPC-0.5, had the highest nitrogen content of 6.53%. This result suggests that LiNO 3 can effectively serve as a nitrogen source as well as activating agent, as mentioned earlier. High-resolution N1s spectra for all NPC samples are shown in Fig. 4c and S4 . † The gures show that the N1s peak could be tted with three different peaks including pyridine N (N-6, 398 eV), pyrrole N (N-5, 400 eV) and graphitization N (N-Q, 401 eV). The contents of the three different forms of nitrogen in the NPC-0, NPC-0.25 and NPC-0.5 samples are shown in Fig. 4d . We can see that NPC-0.5 possesses a high pyridine N and pyrrole N content of 71%, which can contribute to capacitance via Faraday reaction for a supercapacitor. 27, 28 Electrochemical properties
The NPC material with high nitrogen doping content and specic surface area can be a good candidate for supercapacitor electrode material. Fig. 5a shows CV curves (measured at a scan rate of 5 mV s À1 over the range À0.2-0.8 V) for the NPC-0, NPC-0.25 and NPC-0.5 materials. Clearly, all the samples reveal a quasi-rectangular shape, suggesting ideal double-layer capacitance behavior. 29 The CV curve of NPC-0.5 had the largest area among all the samples. The observation that this sample had the highest capacitance may have been due to its possession of the highest specic surface area and nitrogen content. Fig. S5 † gives the CV curves with different scan rates of all the NPC samples. Clearly, the CV curves of NPC-0.5 present a quasi-rectangular shape, without a sharp variation even at a high scan rate of 500 mV s À1 , indicating excellent capacitive behavior.
30,31
Fig . 5b shows the galvanostatic charging-discharging (GCD) curves of NPC samples at a current density of 1 A g À1 . The specic capacitance for NPC-0, NPC-0.25 and NPC-0.5 are 185 F g À1 , 220 F g À1 and 261 F g À1 respectively, which is consistent with the CV tests. The specic capacitance (261 F g À1 ) of sample NPC-0.5 is higher than the previously reported nitrogen-doped carbon and porous carbon materials prepared by a molten salt method. 20, [32] [33] [34] The GCD curves of NPC-0, NPC-0.25 and NPC-0.5 at different current densities are presented in Fig. 5c and S6a and b. † The symmetrical triangular shape curves at different current densities imply good charge-discharge performance, which means excellent electrochemical reversibility. In addition, the GCD curves of PC sample without any molten salt are also shown in Fig. S6c . † Clearly, the PC sample exhibits a low specic capacitance of 45 F g À1 , which may result from the poor pore structure and low specic surface area. Fig. 5d shows the specic capacitance of NPC-0.5 from GCD curves at different current densities. As can be seen, the sample can keep 71% of its capacitance retention at 15 A g
À1
, which indicates good rate performance.
To explore cycle stability of NPC-0.5 electrode material, continuous GCD process was conducted at a current density of 15 A g À1 (Fig. 5e ). About 94% of specic capacitance was retained aer 10 000 cycles, implying good cycling stability. Fig. 5f shows electrochemical impedance spectroscopy (EIS) of the NPC samples. As can be seen, the equivalent series resistances (ESR) of NPC-0.25 and NPC-0.5 are smaller than NPC-0 at high frequency in the enlarged plot in Fig. 5f . Furthermore, the nearly upright lines at low frequency indicate ideal double-layer capacitance behaviour for NPC-0.25 and NPC-0.5. As discussed above, the NPC-0.5 and NPC-0.25 materials have better pore channels, which is benecial for charge transportation and capacitive behaviour.
Conclusion
In conclusion, we demonstrated that nitrogen-doped porous carbon (NPC) materials for application in supercapacitors can be prepared from our using a massive and low-cost double crucible synthetic method. The method used a LiCl/KCl molten salt and LiNO 3 was used as activation agent and nitrogen source for reaction with carbon atoms. The best sample obtained has a high nitrogen content of 6.5% and high specic capacitance of 261 F g À1 at 1 A g À1 in 1 M H 2 SO 4 electrolyte.
